Background: Dental erosion is an increasingly prevalent problem associated with frequent consumption of acidic foods and beverages. The aim of this study was to measure the food acid content and the erosive potential of a variety of sugar-free confections. Methods: Thirty sugar-free confections were selected and extracts analysed to determine pH, titratable acidity, chemical composition and apparent degree of saturation with respect to apatite. The effect of the sugar-free confections in artificial saliva on human enamel was determined in an in vitro dental erosion assay using change in surface microhardness. Results: The change in surface microhardness was used to categorize the confections as high, moderate or low erosive potential. Seventeen of the 30 sugar-free confections were found to contain high concentrations of food acids, exhibit low pH and high titratable acidity and have high erosive potential. Significant correlations were found between the dental erosive potential (change in enamel surface microhardness) and pH and titratable acidity of the confections. Ten of these high erosive potential confections displayed dental messages on the packaging suggesting they were safe for teeth. Conclusions: Many sugar-free confections, even some with 'Toothfriendly' messages on the product label, contain high contents of food acids and have erosive potential.
INTRODUCTION
Dental erosion is the chemical loss of tooth structure due to acids and/or chelators that are not produced by bacteria. 1 Recent epidemiological data suggest that the prevalence of dental erosion has been increasing. 2 This has been attributed to frequent exposure of the teeth to intrinsic (gastric acid) or extrinsic erosive agents such as soft drinks and sports drinks due to their high acid content. 3 Food acids are a common ingredient in modern processed foods as manufacturers frequently add them to foods and beverages to improve their organoleptic properties and shelf life. Some of the various acidulants frequently used include acetic, citric, phosphoric, fumaric, lactic, malic, tartaric and ascorbic acid. 4 Confections may also contain food acids, 5 typically used to enhance flavour and provide a 'tangy' or 'fruity' taste. 4 Confections are considered deleterious for oral health due to their sugar content, but many sugar-free confections are now available that contain sugar substitutes such as polyols that cannot be easily fermented by bacteria. 6 These sugar-free confections can stimulate saliva which may assist in preventing the initiation or progression of dental caries. 7, 8 However, newer varieties of these sugar-free confections have been developed containing a blend of food acids with novel 'fruit' flavours. The acid content of some of these sugar-free confections appears very high and may therefore increase the risk of dental erosion. 5, 9 Concern has recently been raised about the use of sugar-free confections in an article titled 'Are sugarfree confections really beneficial?'. 6 There are a range of sugar-free confections available to the public. Some of these display 'Toothfriendly' logos or messages suggesting that they are safe for teeth. 10 However, these products may contain calcium-chelating food acids (e.g. citric acid) which if consumed frequently may cause dental erosion, particularly in individuals with poor quality saliva. This is of particular importance given the ageing population and the increase in the number of people who suffer from problems with saliva production and/or quality. 11 The aim of this study was to determine the erosive potential of a range of commercially available sugar-free confections.
METHODS

Confection selection, preparation and analysis
A range of commercially available confections (n = 30) was purchased for analysis (Table 1) . Three different samples of each confection were individually weighed then dissolved overnight in 40 mL of distilled deionized water to approximate the testing protocol of Toothfriendly International. 10 Subsequently, the pH of the mixture was determined and the titratable acidity (TA) measured using a TitraLab titration manager (TIM 856; Radiometer Analytical, Villeurbanne, France). Values for TA were determined as described previously and expressed as mmol of OH À required to adjust the pH of 1 L of dissolved confection. 12 The chemical composition of the confections was determined using an automatic ion chromatography system (Dionex, Sunnyvale, CA, USA) equipped with two columns for both cation (IonPac CS12) and anion (IonPac AS18) analysis using two conductivity detectors (ICS3000). The ions that were measured were calcium, inorganic phosphate, sodium, chloride, fluoride and citrate. These ion concentrations were used in an iterative computational procedure with the expanded Debye-H€ uckel equation to calculate ion activity fugacities. 9 The ion activities were then used to determine the apparent ion activity product (IAP) for hydroxyapatite (HA). The solubility product (Ksp) for HA 13 and the respective IAP were then used to determine the degree of saturation with respect to HA using the equation: DS = (IAP/Ksp), 1/n where n equals the number of ions in a unit cell. In determining the degree of saturation of the dissolved confection, if phosphate was not detected the value of the lowest ion chromatography phosphate standard was used taking into account the dilution factor of the samples (30 lM).
Determination of erosive potential
Ninety human third molars extracted due to impaction were collected with informed patient consent and ethics approval (Human Research Ethics Committee no. 1136929) and sectioned into enamel blocks embedded in epoxy resin as described previously. 12 Test confections were then dissolved completely overnight in 40 mL of artificial saliva (AS). The AS consisted of 50 mM NaCl, 0.5 mM CaCl 2 and 0.5 mM Na 2 HPO 4 . Ten millilitres of this confection solution was then exposed to an enamel block for 30 min at room temperature on a flatbed shaker oscillating at 120 rpm. Surface softening was determined by measuring the percentage change in enamel surface microhardness (%DSMH) using a Knoop microhardness tester (402 MVD; Wolpert Wilson, Aachen, Germany; 50 g, 10-s dwell) through indentation of sound and exposed enamel of each block in triplicate as described by Cochrane et al.
12
Statistical analyses
Change in %DSMH was compared across the 30 confections to determine which differences were statistically significant. The data were transformed using a Box-Cox transformation and the distribution of residuals was checked using Q-Q plots. Heterogeneity of variance of residuals was checked using Levene's test. A one-way ANOVA was performed to compare % DSMH across all 30 confections. As the variances of the residuals were heterogeneous, the Brown-Forsythe statistic was used to test for the overall differences in mean %DSMH values between all confections and the differences between mean values for each of the 30 confections were measured using a post-hoc Dunnett's T3 test. The relationships between pH, TA at pH 5.5 and TA at pH 7.0 with %DSMH were investigated using scatter plots and the strength of the correlations was determined using the Pearson product-moment correlation coefficient. All statistical tests were performed using SPSS version 22 (SPSS, Chicago, IL, USA) and Box-Cox transformations were performed using Minitab version 17 software (Minitab, State College, PA, USA).
RESULTS
The confections purchased for analysis are shown in Table 1 . Of the 30 confections, 19 had an acid listed in their ingredients with 15 of those having the acid listed as one of the first three ingredients. Fourteen confections out of the 30 had dental messages with 10 having 'Toothfriendly' logos, three having the message 'Sugarfree for healthy teeth' and one having the 'Kind to teeth' logo.
Food acid content and acidity of the confections
The pH, TA and citric acid/citrate content for each confection are shown in Table 2 . Twenty of the confections had a pH below 4.5 with those containing food acids exhibiting the lowest pH (2.99 AE 0.49). All confections contained detectable calcium but most had undetectable levels of phosphate or fluoride. Of those listing citric acid as an ingredient, all but one (Sweet Enough Lemon) were found to contain substantial levels of citrate. Twenty-eight of the 30 confection solutions were undersaturated with respect to HA ( Table 2) .
Erosive potential of the confections
The erosive potential of the confections was confirmed in an in vitro erosion assay. Enamel surface softening after exposure to the 30 sugar-free confections in AS was determined by measuring the %DSMH and the results are presented in Table 2 . The mean hardness of the enamel samples before exposure to the 30 sugar-free confections was 339.86 AE 28.13 g f mm À2 . Confections with high and low mean %DSMH values that were significantly different (P < 0.05) were categorized as having high and low erosive potential, respectively ( Table 2 ). Confections that had %DSMH values that were intermediate and not significantly different to the %DSMH values for confections with high and low %DSMH values were categorized as moderate erosive potential. Of the 30 sugar-free confections, 17 caused the enamel hardness to decrease by approximately 24-52% (high erosive potential) and three caused the enamel hardness to decrease by approximately 10-17% (moderate erosive potential). Ten sugar-free confections produced no significant change (<8%) in surface microhardness (low erosive potential). Significant correlations were found between %DSMH and pH (À0.892, P < 0.001); between % DSMH and TA pH 5.5 (0.817, P < 0.001); and between %DSMH and TA pH 7.0 (0.829, P < 0.001).
Sugar-free confections with 'dental messages'
Of the 30 sugar free confections, three had 'Sugarfree for healthy teeth' messages. These three confections, Extra Drops (Wild Berry, Lemon and Watermelon), produced changes in %DSMH of 35.60 AE 4.77%, 41.88 AE 18.61% and 48.68 AE 4.96%, respectively, so were all considered to exhibit a high erosive potential. Ten of the confections displayed a 'Toothfriendly' logo. Six of these confections produced %DSMH of 24.40 AE 4.15% to 44.57 AE 9.27%, so were also considered to exhibit a high erosive potential. One sugarfree confection (Kaiser) displayed a 'Kind to teeth' logo. This confection had a pH of 2.72 and produced a %DSMH of 35.85 AE 12.09% so was also considered to exhibit a high erosive potential.
DISCUSSION
This study found that many of the commercially available sugar-free confections contained food acids. Of the 30 sugar-free confections, 19 had food acids listed as ingredients with citric acid, malic acid or fruit juice extracts being the most commonly added. These acids were labelled in a variety of ways that can make 0 -phosphate sodium, 102 = tartrazine, 110 = sunset yellow FCF, (E)120 = carmines or carminic acid or cochineal, 122 = azorubine, carmoisine, 123 = amaranth, 124 = Ponceau 4R, Cochineal Red A, Brilliant Scarlet 4R, 129 = Allura red AC, 133 = Brilliant blue FCF, 141 = chlorophyll-copper complex, 150d = sulphite ammonia caramel, E160a = carotene, alpha-, beta-, gamma, 160B = annatto, bixin, norbixin, 162 = beet red, E163 = anthocyanins, 171 = titanium dioxide, 270 = lactic acid, 296 = malic acid, 300 = ascorbic acid, 322 = lecithin, 330 = citric acid, 407 = carrageenan, 420 = sorbitol or sorbitol syrup, 422 = glycerin or glycerol, 470 = magnesium stearate, 471 = mono-and diglycerides of fatty acids -glyceryl monostearate, glyceryl distearate, 476 = polyglycerol polyricinoleate, 478 = lactylated fatty acid esters of glycerol and propane-1 -, 550 = sodium silicate, 950 = acesulfame potassium, 951 = aspartame, 952 = cyclamic acid, cyclamates, 953 = isomalt, 954 = saccharin, 955 = sucralose, 965 = maltitol and maltitol syrup or hydrogenated glucose syrup. (continued) identification difficult to consumers as they could be listed as food acids, acidity regulators, antioxidants or fruit concentrates (Table 1) . For example Jols Pastilles Blackcurrant listed acidity regulator (330), black current fruit concentrate (0.8%) and antioxidant (300) which correspond to citric acid, a combination of citric acid, malic and ascorbic acids, 14 and malic acid, respectively. Overall the majority (n = 20) of confections had a pH below 4.5. The acid content of foods and beverages has previously been linked to erosion. 15 In addition, citrate/citric acid can be of concern to the oral environment as citrate can reduce calcium activity by chelation and produce erosion at higher pH. 9, 16 Taking into account the citrate, calcium, inorganic phosphate, pH and ionic strength, the apparent degree of saturation of HA was below 1 in nearly all cases, indicating that most of these confection solutions were undersaturated with respect to HA and so may have erosive potential. In addition, the TA of most confection solutions was high, indicating that they may resist the buffering effects of saliva. 17 Despite this, 14 of the 30 sugar-free confections had some form of labelling that contained a positive dental message. The 'Toothfriendly' logo was present on 10 of the confections, three had the message that they were 'Sugarfree for healthy teeth' and one had a 'Kind to teeth' logo. Only three of the confections with a dental friendly message produced a solution that had a pH above 4.5. The average solution pH of the confections with: (i) the 'Toothfriendly' logo was 3.93 AE 1.05; (ii) the message 'Sugarfree for healthy teeth' was 2.52 AE 0.13; and (iii) the 'Kind to teeth' logo was 2.72. Therefore, while not containing sugars to increase the risk of dental caries, some of these confections may increase the risk of dental erosion particularly when consumed frequently and by individuals with compromised salivary function.
To further investigate the erosive potential of the confections, their ability to soften human molar enamel was determined when dissolved in AS. Of the 30 sugar-free confections, 17 produced changes in enamel surface microhardness of 24-52% and were considered of high erosive potential, and three caused changes of 10-17% and were considered of moderate erosive potential. Only 10 of the 30 sugar-free confections produced no change or little change in surface microhardness (low erosive potential).
It is worth noting that the three sugar-free confections (i.e. Extra Drops Wild Berry, Lemon and Watermelon) with 'Sugarfree for healthy teeth' message produced changes in enamel surface microhardness of 35.60 AE 4.77%, 41.88 AE 18.61% and 48.68 AE 4.96% respectively, demonstrating high erosive potential. Six of the 10 confections with the 'Toothfriendly' logo produced changes in enamel surface microhardness between The erosive potential of the sugar-free confections was significantly correlated with pH and TA (P < 0.001). This is in agreement with a previous study by Jensdottir et al. 18 in which 16 soft drinks from the Icelandic market were tested to determine the properties related to the soft drinks that were important for erosive potential. They reported that significant correlations were obtained between erosive potential and TA and pH of the soft drinks. 18 It was surprising to find that some confections (Extra Drops, Kaiser and some of the Ricola Drops) exhibited high erosive potential given that they displayed the 'Toothfriendly', 'Sugarfree for healthy teeth' or 'Kind to teeth' messages on the product label. The 'Toothfriendly' certification methodology first measures the pH of a solution made by dissolving 1 g of confection in 15 mL of distilled deionized water. If this pH is below 5.7 then this confection must then be tested in vivo. It is considered to not have a significant erosive potential if plaque pH does not drop below 5.7 and the acid exposure to a plaque-free electrode does not exceed 40 mM H + .min. 10 The dilution of the sugar-free confections in this study was comparable to the 'Toothfriendly'-specified dilution. However, this 'Toothfriendly' methodology only estimates an acid challenge for one in vivo exposure. Frequent consumption of the confection would result in frequent acid challenges in an undersaturated environment which may increase the risk of erosive damage. Furthermore, it is not only intraoral acid release (e.g. H + .min) that should be considered for erosive potential as calcium chelators (e.g. citrate) may contribute to enamel erosion under less acidic conditions. 9 Hence, erosive potential should be estimated by the combined impact of acid and calcium-chelator release. The 'Toothfriendly' certification methodology is also based on the assumption of normal salivary flow and compositional quality of a healthy individual. Patients with poor salivary flow or function may consume these products frequently to help alleviate dry mouth symptoms.
When the products were grouped on the basis of containing a fruit, mint/menthol or other flavour, there were significant differences between the products in terms of their acid content. The fruit flavoured confections had the lowest pH (2.99 AE 0.49) with both mints/menthols (6.43 AE 2.8) and others (5.03 AE 0.59) being significantly higher (P < 0.002). The fruitflavoured confections were also those that contained high levels of citrate.
The results presented here may not necessarily translate to these confections producing erosion in vivo on occasional consumption in healthy individuals. 19, 20 However, frequent consumption would increase that risk, particularly in individuals with poor quantity or quality of saliva which may not be able to neutralize the erosive potential.
11 This is consistent with clinical cases of dental erosion associated with the long-term and frequent consumption of some of the high erosive potential sugar-free confections with dental messages identified in this study. These clinical cases were the major reason why this investigation was conducted.
Patients seeking to improve their oral health by stimulating saliva should avoid sugar-free confections containing food acids and should choose more pHneutral, sugar-free confections. In general, this can be done by choosing mint-flavoured sugar-free confections and avoiding those that have fruit flavours which contain high levels of food acids, particularly citric acid. Patients can check the confection ingredient list for food acids by name or number. Furthermore, 'Toothfriendly' certification or the use of manufacturer dental messages like 'Sugarfree for healthy teeth' or 'Kind to teeth' should not be issued/ used for sugar-free confections containing food acids unless they can be demonstrated to be safe for teeth of all individuals when consumed frequently. This study highlights the importance of factoring patients' salivary characteristics into dietary advice as stimulating saliva with acidic sugar-free confections may be counterproductive to oral health, particularly in patients with compromised saliva quantity and/or quality.
CONCLUSIONS
In conclusion, 17 of the 30 sugar-free confections assayed contained high concentrations of food acids, exhibited low pH and high TA, and had high erosive potential in AS in an enamel erosion assay. Ten of these high erosive potential sugar-free confections displayed dental messages on the packaging suggesting they were safe for teeth.
